The eect of sea-ice on various aspects of the Southern Hemisphere (SH) extratropical climate is examined. Two simulations using the LMD GCM are performed: a control run with the observed sea-ice distribution and an anomaly run in which all SH sea-ice is replaced by open ocean. When sea-ice is removed, the mean sea level pressure displays anomalies predominantly negatives near the Antarctic coast. In general, the meridional temperature gradient is reduced over most of the Southern Ocean, the polar jet is weaker and the sea level pressure rises equatorward of the control ice edge. The high frequency ®ltered standard deviation of both the sea level pressure and the 300-hPa geopotential height decreases over the southern Paci®c and southwestern Atlantic oceans, especially to the north of the ice edge (as prescribed in the control). In contrast, over the Indian Ocean the perturbed simulation exhibits less variability equatorward of about 50°S and increased variability to the south. The zonal averages of the zonal and eddy potential and kinetic energies were evaluated. The eect of removing sea-ice is to diminish the available potential energy of the mean zonal¯ow, the available potential energy of the perturbations, the kinetic energy of the growing disturbances and the kinetic energy of the mean zonal¯ow over most of the Southern Ocean. The zonally averaged intensity of the subpolar trough and the rate of the baroclinic energy conversions are also weaker.
Introduction
There has been a statistically signi®cant increase in temperature since the mid-1940s in some regions of the Antarctic periphery (Harangozo et al., 1994; Turner et al., 1997) . The reason for this observed warming is not fully understood at present, but it may be related to changes in the sea-ice extent and in the regional atmospheric circulation. A comprehensive understanding of the interaction between the sea-ice and the atmospheric circulation is therefore necessary. Current climate models diverge in their estimation of the climate change scenarios at the high latitudes of the Southern Hemisphere (e.g. Carril et al., 1997) . This may be in part due to the complexity of sea-ice physics and dynamics that is parameterized in a dierent manner in each model. It seems likely that many physical processes occurring in those regions are not eciently represented in the coupled models.
In order to understand the model sensitivity and to assess the possible impact of a climatic change it is useful to study how the melting of sea-ice, and the corresponding warming of the surface temperature, may aect the extratropical circulation of the Southern Hemisphere (hereafter SH). These circulation changes are related to basic characteristics such as the atmospheric energy cycle and the storm tracks. We try to estimate the role of sea-ice on the SH atmospheric circulation, as a limited approach for understanding and simulating high-latitude climate change. In particular, although the interaction between sea-ice characteristics and the cyclonic activity is rather complex, the aspect we wish to address is the importance of changes in the sea-ice cover for the climatological high-frequency behaviour in the southern extratropics.
Most of the Antarctic sea-ice melts in summer and forms again in winter, covering up to 18´10 6 km 2 . Compared with the Arctic, the percentage of open water is greater and the ice thickness is smaller. Other sea-ice morphology dierences between the SH and the Northern Hemisphere are related to the latitude domain and the location relative to the continents. The presence of sea-ice ®rst aects the vertical transfer of energy between the atmosphere and the surface. Turbulent heat¯uxes are substantially reduced over sea-ice. Surface roughness values in the standard parameterizations are larger over sea-ice than over the ocean aecting the surface exchange of momentum. In addition, the high re¯ectivity of sea-ice reduces the absorption of solar radiation by the surface.
However the Antarctic sea-ice and the neighbouring ocean is also a region of high cyclone frequency and cyclogenesis at the synoptic and mesoscale (Bromwich, 1991; Carleton, 1992) . Thus, one might expect a relationship between surface conditions and cyclone behaviour. This connection between sea-ice extent, cyclonic activity and features of the circulation is not completely clari®ed. Carleton (1989) and Streten and Pike (1980) , for example, found little observational evidence to support this relationship. However, insucient or poor data in southern high latitudes aect the observational studies. Simmonds and Wu (1993) (hereafter SW93) discuss the ambiguous nature of the presently published studies concerning the response of the atmosphere to sea-ice perturbations. Ambiguity can arise from the, usually, short periods of data being used, the particular epoch being considered and the highly variable character of the synoptic circulation in the southern extratropics. In a recent observational analysis, Godfred-Spenning and Simmonds (1996) have found that a sea-ice±cyclone link is not apparent over the entire sea-ice zone on a seasonal time scale, supporting the conclusion of Carleton (1989) and Streten and Pike (1980) . Sensitivity studies using general circulation models (GCMs) therefore constitute an important approach to understand the climate of these high-latitude regions. Previous numerical studies have analyzed the atmospheric response to reductions in the Antarctic sea-ice extent or concentration (Simmonds, 1981; Mitchell and Hills, 1986; Simmonds and Dix, 1986; Mitchell and Senior, 1989; Simmonds and Budd, 1991; SW93) . In most cases, these GCM experiments (winter simulations) only report some evidence that the sea-ice forces the atmospheric circulation in the circumpolar trough region. A local decrease in surface pressure was generally found, especially in the region from which sea-ice was removed. SW93 have studied the sensitivity of cyclone behaviour to prescribed changes in winter Antarctic sea-ice concentration. They show an increase in the number of cyclones near the Antarctic coast (particularly over most of the Weddell and Ross seas) and a decrease in the cyclone frequency to the north, in response to the reduction of sea-ice concentration. However the intensity of these extratropical cyclones becomes weaker. SW93 suggest that the climatological decrease in pressure results essentially from an increase in cyclone numbers near the coast as opposed to a deepening of existing cyclones. Recently, MeneÂ ndez et al. (1999) (hereafter MSLT99) performed a sensitivity experiment in which all southern sea-ice was removed with a relatively high-resolution atmospheric global model in order to study the eect of sea-ice on the poleward transport of heat and momentum by eddies and the mean eddy statistics. MSLT99 found that the removal of ice in the Southern Ocean aects the baroclinic structure of the atmosphere. In general, the meridional wind variance, the poleward transient temperature¯ux and the eddy¯ux convergence of westerly momentum were weaker over the Southern Ocean when sea-ice was removed. Le Treut and Kalnay (1990) also suggest that the simulated cyclone life cycle and the cyclone tracks may, in part, be dependent on the prescriptions of the boundary conditions (sea-surface temperature and sea-ice extent), especially in the high southern latitudes.
In this study two simulations of an atmospheric climate model are compared: a control run with the observed sea-ice distribution and an anomaly run in which all SH sea-ice was replaced by open ocean. Section 2 presents the model, the experiment design and a brief evaluation of the basic climatology. Section 3 examines the eect of sea-ice on various aspects of the southern extratropical climate. The impact on some basic characteristics is described, together with the circumpolar trough and its semi-annual oscillation, the high frequency variability and the storm tracks, and the energy cycle. A general discussion is given in sect. 4.
2 Model description, experiment design and model evaluation
The model
The model being used is the general circulation model of the Laboratoire de MeÂ teÂ orologie Dynamique du CNRS (LMD GCM). This model is formulated in ®nite dierences, in its dynamical part, and contains comprehensive physics. Sadourny and Laval (1984) ®rst described the original version of the model. The present version, called Cycle 5, contains a number of new features. The cloud scheme is a prognostic scheme based on a budget equation for cloud water (Li and Le Treut, 1992) . Convection is parameterized by a combination of a Kuo (1965) scheme and a moist adiabatic adjustment. The radiation scheme is the same as used operationally at ECMWF, with a representation of the transfer of solar radiation following the scheme of Fouquart and Bonnel (1980) . The infrared radiation is parameterized following Morcrette (1990) . Some re®nement of the surface parametrization and a description of the main climatology of the model are available in Harzallah and Sadourny (1995) . Note however that our simulations are dierent from those of Harzallah and Sadourny (1995) because they include a dierent sea surface temperature (SST) climatology. An open seawater fraction in all polar sea-ice is considered in the model. Sea-ice is allowed to cover a fraction of the grid only, but the computation of all¯uxes is carried out using mixed coecients, which correspond to an average over the
